In this work a combined molecular dynamics simulation and dynamically corrected transitionstate theory (dcTST) study was performed to investigate the effect of interpenetration (catenation) on hydrogen diffusion in metal-organic frameworks (MOFs) as well as their relationships. The results on 10 isoreticular MOFs (IRMOFs) with and without interpenetration show that catenation can reduce hydrogen diffusivity by a factor of 2 to 3 at room temperature, and for the interpenetrated IRMOFs with multi-pores of different sizes, free volume can serve as a measure for hydrogen diffusivity: the bigger the free volume, the larger the hydrogen diffusivity. In addition, the present work shows that dcTST can directly reveal the influence of the MOF structure on hydrogen diffusivity, which is a powerful tool for providing a better understanding of the relationship between gas diffusivity and MOF structure.
Introduction
Metal-organic frameworks (MOFs) have been recognized as a new family of nanoporous materials that offer promising applications in gas storage, separation and catalysis etc. Among the various MOFs synthesized, they can be divided generally into two groups: MOFs with non-interpenetrated frameworks 2 and those with interpenetrated ones. 3 Apart from substantial experimental studies on the gas adsorption and diffusion in non-interpenetrated MOFs, 4 there are also many theoretical works on them. 5 For example, Frost et al. investigated the influencing factors on the hydrogen uptake in IRMOFs by using the grand-canonical Monte Carlo (GCMC) simulation method 6 and Ramsahye et al. studied the breathing effect of the MIL-53 and MIL-47 frameworks on CO 2 adsorption; 7 the hydrogen adsorption sites in Zn-MOFs were clarified by both quantum chemical 8 and classical simulation studies. 9 In addition, Skoulidas and Sholl investigated the self-and transport diffusion of several light gases in MOFs in detail using the molecular dynamics method, 10 and framework-flexibility effects on gas adsorption and diffusion in Zn-MOF were investigated by several groups. 11, 12 Nevertheless, the investigations into interpenetrated MOFs are much less. On the other hand, several available investigations have indicated that interpenetration (catenation) can enhance the adsorption capacity of MOFs, 13 attributed to the additional adsorption sites and small pores formed by interpenetration that can strengthen the overall interaction between gas molecules and the pore walls. 14 Despite the potential applications of interpenetrated MOFs to gas storage and separation, little is known about gasdiffusion characteristics in such MOFs. To the best of our knowledge, neither experimental nor theoretical investigations have been performed on this topic, thus this work carried out a combined molecular dynamics simulation and dynamically corrected transition-state theory (dcTST) study to investigate the effect of catenation on gas diffusion. Considering that MOFs are a family of promising materials for hydrogen storage, hydrogen was selected as the probe molecule. Therefore, this work also provides useful information for developing new MOFs as efficient hydrogen-storage materials.
Models and computational method 2.1 MOF structures
In this work, ten isoreticular metal-organic frameworks (IRMOFs) as synthesized by Eddaoudi et al. 15 were adopted as representatives of MOFs. The guest-free framework structures of the IRMOFs were constructed from their corresponding experimental single-crystal X-ray diffraction (XRD) data 15 using Materials Studio Visualizer, 16 as shown in Fig. 1 . As can be seen from Fig. 1 Table 1 , where the free volumes were calculated using a probe size of 0.0 Å to determine the total free volume not occupied by the framework atoms.
Force fields and the parameters
Force field plays an important role in molecular simulations. In this work, the Coulombic interactions were not considered in our simulations as they were demonstrated to have little effect on the hydrogen-adsorption properties at room temperature. 17 H 2 was modeled as a rigid diatomic molecule with a bond length of 0.74 Å . Each H atom in an H 2 molecule was represented as a Lennard-Jones (LJ) interaction site, for which the LJ potential parameters were taken from the force field developed in our previous work, 18 and listed in Table 2 . These potential parameters were optimized to reproduce the experimental PVT curve of bulk hydrogen, 19 and could describe the experimental self-diffusion coefficients of bulk hydrogen well. 18 In addition, this force field has also been successfully used to simulate the adsorption of H 2 in MOFs by other researchers. 20 For the IRMOFs studied here, an atomistic representation was used to model all of them. The same potential model, that is the site-site LJ potential was also used to calculate the interactions between adsorbate molecules and the atoms in the frameworks of adsorbents. The potential parameters listed in Table 2 were taken from the universal force field (UFF) of Rappe´et al., 21 which has been successfully employed to depict the adsorption, 17,22 diffusion 10,23 and separation 24 of several light gases and their mixtures in MOFs. In our simulations, all the LJ cross-interaction parameters were determined by the Lorentz-Berthelot mixing rules.
Molecular dynamics simulation
In this work, equilibrium molecular dynamics (MD) simulations were carried out in the canonical (NVT) ensemble to investigate the effects of pore size and catenation on the diffusion behaviors of H 2 in MOFs. The whole MD simulations were performed under room temperature, and the Nose´-Hoover chain (NHC) thermostat as formulated by Martyna et al. 25 was used to maintain the constant-temperature condition. Similar to previous works, 5, 6, [9] [10] [11] [12] all the IRMOFs studied in this work were treated as rigid with atoms frozen at their crystallographic positions during simulations. Although the diffusion properties of guest molecules may depend significantly on the lattice dynamics of MOFs, 12 the interactions between H 2 molecules and the frameworks of MOFs are weak and our purpose is to perform a comparative study on IRMOFs with and without catenation; thus the treatment of rigid MOFs is reasonable. The simulation cell consists of 2 Â 2 Â 2 to 4 Â 4 Â 4 elementary cells of the IRMOF crystal lattice to ensure at least fifty H 2 molecules are accommodated in the cell, and the structural model for a unit cell of each IRMOF was constructed using the experimental XRD data as shown in Fig. 1 . The velocity Verlet algorithm was used to integrate Newton's equations of motion. The time step used in the MD simulations was taken as 1.0 fs. All the LJ interactions were calculated using the cut-and-shifted potential with a 17.0 Å cutoff radius, and periodic boundary conditions were applied in all three dimensions. Simulations were performed as follows: molecules were randomly inserted into the IRMOF lattices, and then relaxed using approximately 100 000 NVT Monte Carlo moves. Following the relaxation, velocities from the Maxwell-Boltzmann distribution at the required temperature were assigned to all the adsorbate molecules, and the total momentum of the system was set to zero. Next, the simulation systems were allowed to equilibrate with 100 000 MD steps before the final simulations were run for 2 000 000 MD steps to sample the diffusion properties of interest. At least 10 independent simulations were performed for each loading to estimate the statistical error. During each simulation, the trajectory of the system was saved every 100 steps to subsequently calculate the self-diffusion coefficient D s by a meansquare displacements (MSD) method using a so-called order-N algorithm. 26 It was checked that MD simulations conducted in the microcanonical (NVE) ensemble gave equivalent results. To increase the computational efficiency, the potential energies and forces between the adsorbate and adsorbent were initially tabulated on a series of three-dimensional grid points with grid spacing 0.15 Å . During the simulations, the potential energy and force at any position in the adsorbent were determined by interpolation. 23 
Dynamically corrected transition-state theory
Dynamically corrected transition-state theory (dcTST) 27 regards diffusion processes in confinement as hopping events on a lattice, where the hopping from state A to another state B is limited by a free energy barrier between the two states. A and B are separated by a lattice distance l. Together with the dynamical correction factor k, free energy profiles F(q) can be used to compute a hopping rate k A-B between states A and B by:
where k B is Boltzmann's constant, T is the temperature of the system, m is the mass of the hopping particle, and q* denotes the (assumed) location of the barrier. This hopping rate k A-B can in turn be converted to a self-diffusion coefficient D s via:
In the above equation, D TST s is the free-energy contribution to the self-diffusion coefficient, the part of the diffusion that is governed by free energy barriers: influences of the confinement topology on the diffusion of the gas molecules. k is regarded as a measure of the interaction between the fluid particles themselves. 28 To compute free-energy profiles, we performed NVT-ensemble Monte Carlo simulations using the histogram-sampling (HS) method. 27 In the HS method, a histogram is made of the particle positions, mapped on the reaction coordinate q. Then this histogram can be converted into a free-energy profile by using bF(q) = ÀlnhP(q)i, where P(q) denotes the probability of finding a molecule at a given position q according to the histogram. Details of the calculations can be found elsewhere. 29 
Results and discussion

Effect of catenation on hydrogen diffusivity in MOFs
To understand how the pore size and interpenetration (catenation) affect the hydrogen-diffusion behavior, the self-diffusivities (D s ) of hydrogen in the ten selected IRMOFs at room temperature were examined with a MD simulation. The simulation results are shown in Fig. 2 , as a function of hydrogen loading. Fig. 2a shows that for the six non-interpenetrated IRMOF materials with the same primitive cubic topology and loading, the self-diffusivities of hydrogen have the following order: IRMOF-16 4 IRMOF-10 4 IRMOF-14 (or IRMOF-12) 4 IRMOF-8 4 IRMOF-1, which is consistent with the gradually decreasing sequence of pore size of the IRMOF materials. In Fig. 2a it seems the dependency of hydrogen diffusivity in IRMOF-16 is more evident than that in the other five IRMOFs; this can be explained as follows: (1) the porosity of IRMOF-16 (Table 1) is larger than the other five IRMOFs, thus at the same loading (mg per total volume of material) the hydrogen density in IRMOF-16 is smaller than that in the other materials, and (2) moreover, the pore size of IRMOF-16 is much larger than that of the other five IRMOFs, leading to a much larger hydrogen diffusivity at the same loading. The interplay of the above two factors results in a very evident loading dependency of hydrogen diffusivity as shown in Fig. 2 within the loadings studied. Fig. 2b shows the effect of catenation on the self-diffusivities of hydrogen in the IRMOFs at room temperature. The hydrogen self-diffusivities in the IRMOFs (IRMOF-10, IR-MOF-12, IRMOF-14 and IRMOF-16) without catenation are two to three times of those in their corresponding catenated counterparts (IRMOF-9, IRMOF-11, IRMOF-13 and IR-MOF-15 respectively). This implies that the motion of hydrogen molecules in MOFs is largely restricted by their catenation structures. In the interpenetrated IRMOFs, there are various pores with different sizes (4 in IRMOF-9 and 6 in IRMOF-11) and thus it is difficult, if not impossible, to correlate hydrogen diffusivity to pore size. However, an examination of the free volume of each material and the hydrogen diffusivity values shows that there is a good correlation between them: the larger the free volume, the bigger the hydrogen diffusivity. To illustrate this more intuitively, the self-diffusivities of hydrogen at infinite dilution loading were plotted against the free volumes of the interpenetrated IRMOF materials as well as those without catenation. The results presented in Fig. 3 show that a good correlation does exist between them. Similar relationships also hold at other hydrogen loadings. This leads us to the conclusion that for the interpenetrated IRMOFs with multi-pores of different sizes, material free volume can serve as a measure of hydrogen diffusivity.
To understand the occupying situation of hydrogen molecules in the studied MOFs, center-of-mass (COM) probability distributions of hydrogen in IRMOF-10 and its catenation counterpart IRMOF-9 at the loading of 10 molecules per unit cell and room temperature were calculated, and the results are shown in Fig. 4 . Obviously, in IRMOF-10 hydrogen molecules distribute nearly evenly in the metal cluster and linker region, with slight accumulation near the cluster area, while in IR-MOF-9 the situation is a little different with the largest accumulation occurring in the catenated area formed by the metal clusters. This confirms that catenation can improve gas affinity at room temperature.
The relationship between hydrogen diffusivity and MOF structure by dcTST
To further understand the relationship between hydrogen diffusivity and MOF structure, a dynamically corrected transition-state theory (dcTST) [27] [28] [29] study was performed for IR-MOF-16 and its catenation counterpart IRMOF-15 at room temperature and infinite dilution. The diffusion at infinite dilution in general can be fully accounted for by D TST s , i.e. the free-energy contribution to the self-diffusion, as the dynamical correction factor k is the contribution to the diffusion of interparticle collisions. 28 The free-energy profiles in IRMOF-15 and 16 are shown in Fig. 5 . The reaction coordinate q is simply the position of a tagged molecule along the Cartesian connection from one pore to another. Because the structures of IRMOF-15 and 16 are highly symmetric, we only showed the free-energy profiles along the z-direction as an example. The wells of the barriers correspond to the locations near the metal cluster and linker region inside the pores, i.e. the energetically favorable adsorption sites, and the maxima correspond to the locations of the metal cluster and linker region. Obviously, the number of barriers per unit cell in IRMOF-15 is larger than that in IRMOF-16, which is attributed to the catenation structure in the former. From our MD simulations we know that hydrogen diffusivity in IRMOF-15 is about half of that in IRMOF-16 (39.8 and 84.3 respectively) at infinite dilution, this can be explained by comparing the D and l IRMOF-15 (the lattice distance between two adjacent pore centers) = 0.5l . Therefore, the dcTST gives results consistent with the MD simulations, while the structural effects can be revealed more clearly by the former: catenation in IRMOF-15 leads to a decrease of l, i.e. at a given length the number of barriers is increased, resulting in a smaller hydrogen diffusivity in IRMOF-15 than in IRMOF-16. The above analysis shows that dcTST is a useful tool for understanding the relationship between hydrogen diffusivity and MOF structure and it may find wide applications in future studies of MOFs.
Conclusion
This work found that free volume plays the main role in determining hydrogen diffusivity in MOFs at room temperature, and that for interpenetrated MOFs with multi-pores of different sizes, free volume can serve as a measure for hydrogen diffusivity. The results on the ten IRMOFs show that catenation can reduce hydrogen diffusivity by a factor of 2 to 3 at room temperature, attributed mainly to the increase of the number of barriers at a given space. In addition, the present work shows that dcTST can characterize the number and value of diffusion barriers in MOFs to relate hydrogen diffusivity directly to the structure of a MOF material, giving a better understanding of guest-molecule diffusivity in MOFs.
